Objective: The effect of smoking cessation on the risk of diabetes has been reported previously. However, it is unknown whether the association is influenced by weight gain and other potential risk factors.
Introduction
A few prospective studies have assessed the impact of smoking cessation on the development of diabetes, and they have reported that smoking cessation increased the subsequent risk of diabetes [1, 2, 3] . Weight gain after smoking cessation and related physiological changes have been suggested as possible causes of this adverse effect of smoking cessation, although an increased risk was observed even after controlling for the weight change. However, a larger number of subjects, including subjects who stop smoking during the follow-up period, is needed for further assessments of the effects of weight gain and other potential risk factors for diabetes.
In Japan, the prevalence of smoking among men has steadily decreased over time. The smoking prevalence among men was 59.7% in 1986 and 39.4% in 2007 [4, 5] . There is an important public health interest in evaluating the health effects of smoking cessation in this country. With the increasing trend of smoking cessation especially among male smokers in Japan, we expected a relatively large number of subjects who stopped smoking within the cohort, which enabling us to further evaluate the effects of potential risk factors for diabetes on the association between smoking cessation and the subsequent risk of diabetes.
The current study was conducted to evaluate the association between smoking cessation and the risk of the development of diabetes prospectively among men and women in a Japanese population. The study also aimed to identify a high-risk group among individuals who stopped smoking by evaluating the 5-year weight gain, potential risk factors, and the frequency and duration of cigarette smoking. The duration of time since smoking cessation among former smokers was also evaluated.
Methods

Study population
The Japan Public Health Center-Based Prospective Study (JPHC) was initiated in 1990 for Cohort I, and Cohort II was added in 1993. The study design has been previously described in detail [6] . Briefly, subjects were from eleven public health center areas across Japan, and the study population was the residents of each area who were 40 to 69 years old at the time of the baseline survey. A questionnaire was administered at baseline, at which time the participants were informed of the objectives of the study. Those who responded to the questionnaire were regarded as having consented to participate in the study. Follow-up surveys were conducted at five and ten years after the baseline survey. The study was approved by the Institutional Review Board of the National Cancer Center, Tokyo, Japan.
Of the 140,160 eligible subjects, 113,403 responded to the questionnaire at the time of the baseline survey, yielding a response rate of 80.9%. Of the respondents, 77,540 (68.4%) responded to both the 5-and 10-year follow-up surveys. Those who reported having been diagnosed as having diabetes at the 5-year survey period, those who reported a history of cancer, cerebrovascular disease, myocardial infarction, chronic liver disease, or renal disease at baseline, those whose body mass index (BMI) at baseline or at the time of the 5-year survey was either less than 14 kg/m 2 or equals to or larger than 40 kg/m 2 , those whose weight or height information was missing from the baseline or 5-year survey, and those whose weight change between the baseline and 5-year surveys exceeded 20 kg were excluded from the analysis. Since the current study focused on smoking cessation, 1247 participants who started cigarette smoking between the baseline and 5-year surveys were also excluded. After these exclusions, the analysis included 59,834 eligible participants consisting of 25,875 men and 33,959 women ( Figure 1 ). The analysis to assess the effect of weight gain and to attempt to identify high-risk groups was conducted among male participants, as a sufficient number of new quitters was only obtained among the men.
Smoking status
Smoking status was identified from the questionnaires administered at the baseline and 5-year surveys. Using this information, participants were classified into never smokers, former smokers (at baseline), continuous smokers (who were current smokers in both surveys), and new quitters (who quit smoking between the baseline survey and the 5-year survey). Those who reported themselves as current smokers at the baseline survey and then reported themselves as never-smokers at the 5-year survey were classified as new quitters (n = 505 for men and n = 242 for women). Likewise, those who reported themselves as former smokers at the baseline survey and then reported themselves as never-smokers at the 5-year survey were classified as former smokers (n = 2777 for men and n = 292 for women). The number of cigarettes smoked per day was asked in the questionnaire, and the number of years of smoking was also estimated from the answers in the questionnaires. For new quitters, as information on the exact timing of smoking cessation during the 5-year follow-up was not reported, the number of years of smoking was estimated by adding 2.5 to the years of smoking at the baseline survey. The pack-year history was calculated based on the number of packs of cigarettes smoked per day multiplied by the number of years of smoking.
Other characteristics of the participants
Weight, height, and the family history of diabetes were recorded using the baseline questionnaire. BMI (body mass index) was calculated as the weight in kilograms divided by the square of the height in meters. The self-reported BMI in the JPHC study has been previously validated [7] . The self-reported BMIs (mean: 23.45 kg/m 2 in men and 23.57 kg/m 2 in women) were slightly lower than the measured BMIs (mean: 23.54 kg/m 2 in men and 23.78 kg/m 2 in women), and the Spearman correlation coefficients were 0.89 in men and 0.91 in women. A diagnosed history of hypertension was reported in the 5-year survey. Alcohol intake at the time of the 5-year survey was estimated using a validated food frequency questionnaire [8] . The family history of diabetes was reported in the questionnaire in the baseline survey. The weight change between the baseline survey and the 5-year survey was calculated. Total physical activity level and leisure time physical activity were estimated from the questionnaire in the 5-year survey. The total physical activity level was transferred into metabolic equivalents per day, a previously validated measure [9] .
Ascertainment of the development of diabetes
The development of newly diagnosed diabetes between the 5-year survey and the 10-year survey was identified using the questionnaires. The validity of self-reported diabetes was assessed previously for study participants in three districts of the study areas. Among the participants whose medical records were available, 94% of the participants who reported a diagnosis of diabetes were confirmed to have diabetes based on their medical records [10] .
Statistical analysis
The cumulative incidence for the development of diabetes during between the 5-year survey and 10-year survey was computed according to smoking status and sex. A logistic regression analysis was used to assess whether former smokers, continuous smokers or new quitters were more likely to develop diabetes than never smokers. The analysis was adjusted for age and study area and further adjusted for BMI at the time of the 5-year survey, history of hypertension, alcohol intake, family history of diabetes, and weight change between the baseline and 5-year surveys. Leisure-time physical activity was also added to the model, as it appeared to vary according to smoking status.
To explore the influence of the 5-year weight gain and to identify a high-risk group among new quitters compared with never smokers, separate models were run. Only male participants were analyzed, as the number of female new quitters was insufficient. Dichotomous classifications of the following variables were considered: weight gain of 3 kg, BMI of 23 kg/m 2 , alcohol consumption on one day per week, median level of physical activity in the 5-year survey, and family history of diabetes. This cut-off point for the BMI was based on the criteria of the regional office for the Western Pacific Region of WHO, which was reported to be suitable for Japanese subjects [11] . Analyses categorizing new quitters according to the number of cigarettes per day, the duration of smoking, and the pack-year history were also conducted, and the p values for trends were calculated by treating the median value in each category as a continuous value.
We conducted a separate analysis to evaluate the association between time since smoking cessation and the subsequent risk of diabetes. As information for the timing of smoking cessation among former smokers was available for the baseline survey but not for the 5-year survey, we examined the data obtained from the baseline survey and calculated the duration since they had quit smoking cigarettes. The development of diabetes between the baseline survey and 5-year survey was evaluated among former smokers categorized according to the time that had passed since quitting cigarettes and compared with the development among the never smokers. The risk among current smokers was also evaluated at the same time in the model. Only male participants were analyzed, as the number of female participants was insufficient. Details on the inclusion in or exclusion from the analysis are given in Figure 1 . Never smokers comprised the reference group, and the association between the smoking categories and the risk of diabetes was assessed in a logistic regression model. We first adjusted for age and the study area; then, adjustments for the history of hypertension, alcohol intake at the baseline survey, family history of diabetes, and leisure time physical activity at the baseline survey were added to the model; and the BMI at the time of the baseline survey was added to a third model. All the statistical analyses were performed with SAS software (SAS Institute Inc, Cary, NC). Tables 1 and 2 summarize the characteristics of the participants at baseline and at the time of the 5-year survey according to smoking status. During the follow-up between the 5-year and 10-year surveys, 653 men (2.52%) and 447 women (1.32%) reported that they had been newly diagnosed as having diabetes. Table 3 summarizes the association between smoking status and the risk for the development of diabetes. Among men, continuous smokers and new quitters had a significantly increased risk of diabetes after controlling for weight changes and other potential risk factors for diabetes. Among women, a significantly increased risk of diabetes was observed among former smokers, continuous smokers and new quitters, compared with never smokers, in a multivariate analysis, and the risk was highest among new quitters.
Results
The associations between smoking status and the risk of diabetes according to dichotomously categorized groups for weight gain and known risk factors are presented in Table 4 . Compared with never smokers whose weight gain was less than 3 kg, the equivalent counterparts among new quitters were significantly more likely to develop diabetes. In contrast, new quitters who gained 3 kg or more did not have an increased risk. The risk was close to unity among never smokers with a weight gain of 3 kg or more, and an insignificantly decreased risk was observed among them after adjustments for other predefined risk factors. The initial BMI (at the time of the 5-year survey) was the main contributor to the difference (data not shown). We conduct an additional analysis with 5 kg cut-off point for weight gain, and the results were not altered: multivariate ORs were 0.63 (0.33-1.19) for never smokers with weight gain, 1.36 (0.95-1.93) for new quitters without weight gain and 1.00 (0.54-1.84) for new quitters with weight gain compared to the never smokers without weight increase. Compared with the never smokers whose initial BMI was less than 23, all the other groups had higher risks of diabetes, and the risk was about three times higher among new quitters with a higher BMI. New quitters whose total physical activity levels were lower than the median level had a non-significant increased risk, whereas those with a higher level did not have an increased risk of diabetes, compared with the never smokers whose total physical activity level was less than the median level. New quitters who consumed alcohol less than once a week were more likely to develop diabetes, compared with their never smoking counterparts. New quitters with a family history of diabetes were insignificantly more likely to develop diabetes compared with the never smokers with a family history of diabetes. We conducted an additional analysis stratified by family history of diabetes. Among 657 never smokers and new quitters with a family history of diabetes, the multivariate OR of diabetes for new quitters compared to never smokers was 1.23 (0.47-3.17). Among 7492 never smokers and new quitters without any family history of The numbers differ as a result of missing data for physical activity level for which it was 21,553, and years since quitting of former smokers for which it was 5871. diabetes, the multivariate OR of diabetes for new quitters compared to never smokers was 1.41 (1.00-2.00).
For new quitters, the risk of diabetes increased significantly with an increase in quantitative measures of cigarette smoking, which were the number of cigarettes per day, the duration of smoking, and the pack-year history of smoking ( Table 5 ). The risk for the development of diabetes among new quitters who used to smoke 25 cigarettes per day or more was more than twice as large as the risk of never smokers. An increased risk was also observed among new quitters who had smoked cigarettes for more than 30 to 40 years. New quitters with more than 30 pack-years had a significantly higher risk of diabetes, compared with never smokers.
The 5-year risks of diabetes among former smokers according to the duration since smoking cessation, and among current smokers compared with those for never smokers are shown in Table 6 . A significantly increased risk of diabetes was observed among former smokers who had quit smoking cigarettes less than 5 years ago in all the models, including the final multivariate model adjusted for BMI. However, the diabetes risk was not increased among former smokers who had quit smoking at least five years previously.
Discussion
In this population-based prospective study in Japan, participants who quit smoking during the initial 5-year follow-up period had an increased risk of developing diabetes during the next five years. We also observed that new quitters with a high initial BMI, with a family history of diabetes, or who smoked heavily had a high risk of diabetes. Unlike the association with the initial BMI, the weight gain during the 5-year follow-up was not significantly associated with an increased risk among never smokers or even among new quitters. The risk did not increase among new quitters with a high physical activity level. Among former smokers who stopped smoking within the initial five years, the risk of diabetes in the following five years was higher, compared with never smokers.
The increased risk among new quitters was observed even after controlling for the weight change that occurred during the period in which smoking cessation occurred. Men and women were separately analyzed and observed the increased risk in both sexes. The increased risk of diabetes among subjects who had newly quit smoking was also observed in the previous studies, which followed The numbers differ as a result of missing data for physical activity level for which it was 28,370, and years since quitting of former smokers for which it was 399. smoking cessation and assessed its effects on the subsequent risk of diabetes as similar as the current study, but only among men or among men and women together [1, 2, 3] . Our study further assessed the influence of weight gain and other potential risk factors on this association. The 5-year weight gain itself was not associated with an increased risk among new quitters. In contrast, the new quitters whose weight gain was less than 3 kg had a significant increased risk of diabetes. This finding contradicts what was discussed in the previous studies, in which weight gain following smoking cessation was suspected as a determinant of the increased risk of diabetes among new quitters [1, 2] . Since the weight gain with smoking cessation occurred in short-term, the period might not be long enough to influence on the risk of diabetes. Although numerous studies have reported that weight gain itself increases the subsequent risk of diabetes, many of them reported an association with weight gain during early adulthood or that occurred over a long term [12, 13, 14] . On the contrary, several studies, including a study conducted with the same cohort as the current study, reported that weight gain during late adulthood was less influential than weight gain during early adulthood or over the long term with regard to the risk of diabetes [15, 16, 17, 18] . However, these studies evaluated the weight change in general, and the weight gain with smoking cessation might have additional unknown factors that affect the risk of diabetes. The current finding may imply that the increased risk of diabetes among new quitters was not mediated by weight gain.
The risk of diabetes increased among former smokers who quit smoking within five years, whereas the risk was moderated among those who quit smoking five or more years ago. This result is generally consistent with the results of previous cohort studies, although a small increased risk was observed even 20-29 years later in a recent study [1, 2, 3, 19] . A cross-sectional study in Japan reported that former smokers who used to smoke heavily and who stopped smoking four or fewer years ago weighed more than never smokers [20] , and that might have an influence on the association. However in our analysis, the increased risk among former smokers who quit smoking within five years was not altered even after controlling for BMI.
While limited but consistent epidemiological findings have indicated that smoking cessation increases the risk of diabetes for a certain period of time, the detailed mechanisms responsible for this association remain debatable. The increase in energy intake and the decrease in the resting metabolic rate that reportedly occur following smoking cessation [21, 22] , might counter the beneficial effects of giving up smoking. Alternatively, smoking cessation may cause insulin resistance. However, only a few epidemiological studies have evaluated the level of insulin resistance among former smokers comparing current and never smokers with adjustments for potential confounders, and no study reported increased level of insulin resistance among former smokers comparing to current smokers [23, 24, 25] . Another possibility is that cigarette smoke has an adverse effect on b-cell function. The influence of cigarette smoke may persist, and the post-cessation effect on pancreatic function might differ from the effects of ongoing smoking. Our results partially favor this explanation with an additional implication of the greater effects on former smokers who smoked heavily or in those with major risk factors for diabetes. However, limited number of epidemiological studies has been conducted to evaluate the influence of smoking on b-cell function. A study reported the decreased b-cell function among former smokers comparing with current smokers [24] , but not in the other study [26] .
The main potential concern of the current study is that both the smoking status (exposure) and the development of diabetes (outcome) were self-reported. Typical pre-diagnosed symptoms of diabetes do not pose an immediate health threat [27] , and hence, diabetes may often go undiagnosed. However, such misclassification in prospective studies would have biased the true association toward a null result when it occurs randomly. Weight was also self-reported. A previous study in Japan showed that men affected by diabetes were more likely to overestimate their weight [28] . If the bias in the self-reported weighted was related to the diabetic state in the same direction as this study, the misclassifi- cation was not likely to affect the study result, as the 5-year weight increase was not implied to be associated with increased risk of diabetes. However this may be uncertain because in a study in a Scottish population, the diabetic state among men was associated with a bias in self-reported weight in the opposite direction [29] . The self-reported BMI was lower than the measured BMI in the previous study of the JPHC cohort, especially among women, but the differences of the means were only 0.09 kg/m 2 among men and 0.21 kg/m 2 among women [7] . Another limitation is that non-respondents could have differed from respondents on characteristics, and that could have weakened the generalizability of the study results. Both among men and among women, subjects who were enrolled at the baseline but who did not answer either at the 5-year survey or 10-year survey were more likely to be younger on average than participants. The differential response according to smoking status was observed especially among women (5.0% of followed participants was current smokers at the baseline whereas 13.2% of those who did not answer the 5-year or 10-year survey was current smokers at the baseline). The impact of the nonrespondents on the study results is unknown but the withdrawal of smoking women may have decreased the statistical power of the study. Furthermore, residual confounders may exist in our analysis, although we controlled for major risk factors of diabetes including obesity, physical activity and family history of diabetes.
The JPHC cohort was conducted using a large sample from the general population, and this study has several strong points. The study has a prospective design. The cessation of cigarette smoking as the main exposure variable was also prospectively noted, and that minimizes the possibility of a recall bias.
In summary, the current study indicated that men and women who newly quit smoking had an increased risk of developing diabetes. The five-year weight gain was not associated with an increased risk of diabetes among men, and even among new Who stopped smoking between the baseline and 5-year surveys. 3 Multivariate analysis was not adjusted for BMI at 5-year follow-up. 4 Multivariate analysis was not adjusted for alcohol intake. 5 Multivariate analysis was not adjusted for physical activity level. Median value was 33.65 METs/day. 6 Multivariate analysis was not adjusted for family history of diabetes. 7 Age, BMI, history of hypertension, alcohol intake, family history of diabetes, weight change between baseline and 5-year surveys, study area, and leisure-time physical activity. doi:10.1371/journal.pone.0017061.t004 quitters, although several previous studies have speculated that weight gain following smoking cessation may have been a part of the underlying mechanism. New quitters with major risk factors for diabetes or who used to be heavy smokers were more likely to have a higher risk of developing diabetes among men. The adverse effects of smoking on health have been reported in numerous studies, and it is clear that smokers are strongly recommended to quit smoking. People attempting to cease smoking and medical professionals who are helping them should not neglect the possible elevation in the risk of diabetes. 
